The plasmid-determined mer operon, which provides resistance to inorganic mercury compounds, was subject to a 2.5-fold decrease in expression when glucose was administered at the same time as the inducer HgCl2. This glucosemediated transient repression of the operon was overcome by the addition of cyclic AMP. Permanent catabolite repression of the operon was observed in the 1.6-to 1.9-fold decrease in expression in mutants lacking either adenyl cyclase (cya) or the catabolite activator protein (crp). The effect of the cya mutation on mer expression could be overcome by the addition of cyclic AMP at the time of induction. In addition to these effects on the whole cells of wild-type strains, we examined the effect of catabolite repression on the expression of the mercuric ion [Hg(II)] reductase enzyme, assayable in cell extracts, and on the Hg(II) uptake system, assayable in a mutant strain which lacked reductase activity. There was a two-to threefold effect of repression on the Hg(II) reductase enzyme assayable in vitro after induction under catabolite repressing conditions (either with glucose or in the crp and cya mutants). We did not find a similar repressing effect on the induction of the Hg(II) uptake system, operon.
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which is also determined by the mer Genes determining resistance to mercury compounds are frequently found on plasmids in a variety of bacterial genera (26) . The mechanism of resistance to inorganic mercury compounds commonly involves the inducible synthesis of an enzyme, the Hg(II) reductase (24, 27) , which detoxifies the mercuric ion by reducing it to the volatile elemental form Hg(O). In addition, an inducible mercuric ion uptake system has been observed to be a part of this system in plasmids of gram-negative bacteria (19, 25) . Genetic studies of plasmids from both gram-positive and gram-negative bacteria (12, 19, 25, 30) define at least three functions of the mercury resistance (mer) operon: merA, the Hg(II) reductase; merT, the Hg(II) uptake function; and merR, the regulatory element. The evidence from studies with mutants of the prototypical IncFII plasmid, NR1 (R100), indicates that the system is under positive control (12) .
The studies we report here demonstrate that the operon is also responsive to catabolite regulation mediated by the products of the cya (adenyl cyclase) and crp (catabolite activator protein [CAP] ) genes. The magnitude of the effect which we see is similar to that previously reported for the ColEl relaxation complex (16) and for plasmid-determined resistances to streptomycin (14) and chloramphenicol (11, 15) , neither of which appears to be under any other specific type of regulation. The synthesis of the sex pilus of Incl plasmids is also affected by cyclic AMP (cAMP) (13) and the CAP protein, and very recently, it has been reported that cAMP effects a very large stimulation (ca. 100-fold) in the synthesis of the plasmid-determined enterotoxin gene in Escherichia coli (17) . Therefore, responsiveness to the effectors of the socalled global control systems appears to be common among plasmid-determined genes.
MATERIALS AND METHODS
Bacterial strain. All strains employed are listed in (24, 25, 27) , as has the assay of the Hg(II) uptake system (25) . The isotope was quantitated by using the '4C setting in a Beckman LS7000 liquid scintillation spectrometer, and the data were reduced by using a BASIC alogrithim on the Northstar Horizon microcomputer. Reagents Determination of flavin content. A washed-cell suspension (0.5 ml), prepared as for the Hg(II) reductase assay, was extracted with 2.5 ml of reagent-grade dimethyl sulfoxide. Cell debris was removed by centrifugation, and the flavin content of the supernatant was determined fluorometrically in a Turner Fluorometer (primary filter, 365 nm; secondary ifiter, 485 nm) by using flavin adenine dinucleotide (FAD) standards.
RESULTS
The first indication that the mer operon might be under catabolite repression came from our observation that the level of constitutive enzyme expression varied as a function of the growth stage (see Fig. 3 of reference 25). We subsequently observed that there was a considerable variation in the specific activity of the enzyme inducible at different stages of growth. As cells approached the stationary phase in tryptone broth (a catabolite derepressing medium), both the constitutive and the inducible levels of the reductase increased markedly (25; Table 2 ). This increase was eliminated by including glucose in the growth medium (25) . To avoid the nonspecific causes for this phenomenon which might anrse in older cultures, all work described below was carried out with midexponential-phase cultures (unless otherwise indicated).
Unfortunately, it is not possible to do precise differential induction determinations in this system for several reasons. We currently do not have a gratuitous inducer of the structural genes which is effective in vivo; consequently, the inducer HgCl2 is consumed as soon as the Hg(II) reductase synthesis begins, thus eliminating the (22, 23) .
Transient glucose repression of Hg(lI) reductase in intact cells. The addition of glucose and HgCl2 resulted in a depression of the Hg(II) reductase activity offrom 2-to 2.7-fold, depending on the stage of growth at which the cultures were induced (Table 2) . cAMP added at the same time as the glucose and HgCl2 overcame this depression of reductase induction both at the midexponential phase and at the early stationary phase. The addition of cAMP alone to the induced cells effected a marked stimulation of the HgCI2-inducible Hg(II) reductase activity in the early stationary phase. These results suggest that the operon is responsive to "classical" catabolite repression (or, in this case, catabolite activation) mediated by adenyl cyclase and CAP (22, 23) .
To examine this hypothesis more rigorously, we constructed derivatives of crp and cya strains and of their parent strain carrying plasmid pDU202 (an R100 derivative which has the wild-type mer operon). The crp and cya strains which we used were deleted for their respective alletes and so should not have given true revertants (5) . However, we found that both strains gave pseudorevertants at a rather high frequency; therefore, it was necessary to store newly constructed strains immediately and to work directly from these frozen stocks for each day's experiment. Our observations (Table 3) were that the inducible Hg(II) reductase specific activity was lowered by 1.6-fold in the crp-strain and by 1.9-fold in the cya strain. In addition, cAMP markedly enhanced the induced level of the enzyme in the cya-strain, but had no effect on the crp-strains.
The current model of the mer operon holds that synthesis of the Hg(II) reductase and the Hg(II) uptake system are directed by mRNA, whose synthesis is initiated at a single promoter located in the EcoRI H fragment of plasmid NR1 (R100) (12, 26 (Table 4) . cAMP, added with glucose, overcame this effect of glucose, and when cAMP was added without glucose, it markedly stimulated the induction of the enzyme. These data on transient catabolite repression of the cell-free Hg2' in a brief incubation than they do before induction (19, 25) . Tables 6 and 7 show the relative inducibility of the Hg(II) uptake system of the mutant plasmid pDU3315, which has a supersensitive phenotype and a functional Hg(II) uptake system. Under conditions of transient catabolite repression, it did not appear that the addition of glucose had any negative effect (there may have been a positive effect) on the induction of the Hg(II) uptake system. There may have been a slight negative effect with the addition of cAMP, but the combination of cAMP and glucose gave results essentially equivalent to those for the addition of glucose alone. These results, which are very different from those seen with the reductase activity, are corroborated by the data in Table 7 on the effect of the crp and cya mutations on the induction of the Hg(II) uptake system. Here, again, we see that there was no effect on the induction ratio of the mutations affecting catabolite repression, although the overall uptake measurable in the cya strain was somewhat lower than that in the wild-type or crp-host. which the ampicillin transposon Tn3 has been inserted outside of the mer operon. Since 1-lactamase activity is directly related to the gene copy number of the bla locus, this enzyme activity is a useful diagnostic for the number of copies of the replicon carrying the bla locus.
We found that the specific activity of 1B-lactamase (measured spectrophotometrically) was constant and equivalent to the uninduced control for all conditions of induction. Hg(II) reductase levels examined in the same experiments demonstrated their usual responsiveness to glucose and cAMP (data not shown). We also measured the 1-lactamase specific activity in the insertion mutant pDU3315 and found that under all the conditions used for induction of the Hg(II) uptake activity, the 1-lactamase levels were constant and equivalent to the uninduced control (data not shown). We believe, therefore, that the effect we observed is on the transcription of the Hg(II) reductase itself. The implications of these observations for the current model of the mer operon are discussed below. DISCUSSION It is not unexpected that the mercury resistance system should be subject to catabolite repression. Recently, it has been shown that there are several chromosomally determined systems not immediately connected with carbohydrate metabolism which are subject to classical catabolite regulation (1-3, 6, 7, 10, 11, 28, 29) . It has also been known for quite some time that two other plasmid-determined resistance systems, the chloramphenicol acetyl transferase and the streptomycin adenyl transferase, neither of which is inducible by its substrate, are both responsive to activation by cAMP and CAP (14, 15) . Since the Hg(II) reductase consumes 1 mol of NADPH for every mole of mercuric ions it detoxifies, it can constitute a drain on the energy of the cell.
The inducibility of the Hg(II) reductase, measured both in whole cells and in cell extracts, is affected by transient repression (effected by glucose and relieved by cAMP) and also by permanent catabolite repression (resulting from the crp or cya mutations). Neither an alteration in the plasmid copy number nor a lack of flavin cofactor can account for the effects on reductase levels. The magnitude of the effects on the enzyme detectable in cell extracts is essentially equivalent to that in intact cells. In other words, the effects observable in whole cells probably result entirely from an alteration in the amount of active Hg(II) reductase synthesized. This hypothesis is substantiated by the observation that there is no marked effect of either transient or permanent catabolite repression (as defined above) on the inducibility of the Hg(II) uptake system.
The disparity in the effect of glucose on these two measurable parameters of the mer operon is problematical in terms of the current model of the operon, which holds that both the uptake system and the Hg(II) reductase arise from a single promoter. However, this model is based on limited data and there are currently no data to rule out the possibility that each of these two functions is synthesized from a different promoter. In support of this interpretation, we observed that 10 to 50 mM HgCl2 (cold), 2-mercaptoethanol, EDTA, or sodium cyanide are all capable of eliminating 23Hg uptake by supersensitive mutants when administered at the same time as the isotopic mercury, but only HgCl2 can remove (chase) the 203Hg when it is administered after binding has been allowed to take place. Nakahara et al. (19) also showed that the maximum binding of Hg2' (after 40 min) by sensitive strains and by both induced and uninduced supersensitive strains is the same. However the initial rates of uptake, before saturation, are much higher for the induced supersensitive cells (19) . These observations argue that the ultimate "4sink" for ingested Hg(II) is the same in both sensitive and supersensitive cells and that the latter differ only in the initial rate at which they can saturate this sink, i.e., in the amount of diffusible carrier which they possess. Therefore, the Hg(II) uptake activity measurable in supersensitive mutants may not be a good indication of the levels of such activity which exist in intact, wild-type cells.
Unfortunately, because of this limitation in the measurement of the physiological activity of the Hg(II) uptake system, we cannot say definitively that the induction of the uptake system and of the reductase are affected differently by conditions of catabolite repression. So, although the disparity in the effects on the two functions casts some doubt on the validity of the current model of the operon, it is not a strong argument against it. A definitive answer to this question awaits, among other things, the characterization of the Hg(II) transport system.
